ABSTRACT: The morphology of the mastoid region in predators is informative about the hunting strategies and capacity of carrying prey. The purpose of this research was to describe the mastoid region and reconstruct the associated musculature of † Stipanicicia pettorutii Reig, 1956, a Pleistocene weasel with a distinctive morphology compared to its living relatives, and to make inferences about its predatory abilities. Galictis, a living weasel closely related to Stipanicicia, as well as other carnivorans, were used as comparative models. The muscle insertions identified in Stipanicicia presented a similar or larger development than Galictis. The insertion area of the muscles obliquus capitis cranialis, longissimus capitis, sternocephalicus pars mastoidea and cleidocephalicus pars mastoidea were found to be markedly developed and in a lateralised position with respect to the atlanto-occipital joint in hyaenids and mustelids, and especially in Stipanicicia, suggesting powerful lateral flexion and rotation movements in the fossil. The larger degree of advancement of the mastoid process in mustelids, and secondary in felids, would allow a powerful ventral flexion of the head. Stipanicicia would have exhibited powerful lateral movements and retraction of the head and neck, over restricted extension movements and, therefore, would have been a weasel specialised in subjugating and carrying prey of a relatively large size.
damaged, and is totally absent in the hypodigm specimen , all of the mastoid processes and the lambdoid crests (except for details in their deepest aspect) are well preserved, allowing the main regions of insertion of the cervical musculature to be distinguished with relative clarity. Reig (1956) and Berman (1994) stated that S. pettorutii was a rodent-specialist carnivore, more similar to L. patagonicus than to G. cuja, and Prevosti (2000) suggested that the fossil species was more carnivorous than G. cuja. Beyond these scarce comments, and despite the distinctive morphology, until now there have been no palaeobiological studies of this taxon.
Mustelids are a very ecologically diverse group. In particular, the hunting behaviour varies widely between the different clades and species. Amongst the members of the family, the method by which prey is killed can occur in two basic ways, depending on the prey's size and aggressiveness, and the predator's specialisation: (a) the prey is pressed against the substrate while is bitten from above in the neck or the nape (and eventually in the posterior region of the neck, thorax and head; this strategy will be called from now on ''bite down'' strategy); or (b) fighting against prey by curling around it to make it stumble; this strategy often includes lateral rolls and biting the neck, frequently at the throat (this strategy will be called from now on ''roll and curl'' strategy). (Goethe 1964; Gossow 1970; Ewer 1973; Rowe-rowe 1978; Ben-David et al. 1991; Wilson & Mittermeier 2009.) The bite down strategy goes beyond weasels and is considered a widespread mustelid strategy, recorded in many mustelid lineages (ictonychines, mustelines, gulonines, helictidines and taxidiines ; Ewer 1973; Riley 1985; Clark et al. 1987; Michener & Iwaniuk 2001 , and references therein). On the other hand, the roll and curl strategy is limited to only some specialised weasel lineages. The bite down strategy is used for hunting prey of a relatively small size and easy to dominate; the first bite is often imprecise and subsequently corrected (Dü cker 1968; Gossow 1970; Heidt 1972; Ewer 1973) . Taxa that typically perform this strategy are Galictis, Ictonyx striatus and Vormela (Dü cker 1968; Rood 1970; Rowe-rowe 1978; Ben-David et al. 1991; Kays 1996; Wilson & Mittermeier 2009 ; see below in this section). The roll and curl strategy allows the predator to avoid the prey's defences (e.g., kicking), although it implies a greater waste of energy and time spent on fighting, often leaving the predator exhausted. This technique is frequently used in cases in which the prey is an opponent of larger size and ferocity, and curling around it allows the predator to obtain a better position for precise bites. Generally, biting from above is only performed as a secondary strategy, or when the prey is dying at the end of the hunt. Taxa in which this more specialised strategy was documented include some species of Mustela (M. nigripes being the more extreme case) and Poecilogale (Rowe-rowe 1978; Vargas & Anderson 1998; King & Powell 2007; Wilson & Mittermeier 2009) , and it has been proposed tentatively for Lyncodon (through osteological postcranial comparisons; Ercoli 2015) .
It is important to emphasise that these two hunting categories are a ''coarse grain'' simplification of weasel behaviour, and each species can perform either strategy depending on the circumstances or requirements (e.g., prey availability throughout the year; see Ewer 1973; Wilson & Mittermeier 2009, and references therein) . This is especially valid for weasels that have a more broad and opportunistic diet (e.g., M. vison ; Ewer 1973; Wilson & Mittermeier 2009 ). Variations of this kind have been well recorded in laboratory studies (e.g., Rowe-rowe 1978; Ben-David et al. 1991; Vargas & Anderson 1998) .
In general, hunting behaviour, and specifically the mustelids' killing bite, is more similar to that of felids than of dogs or hyaenids, although felids' vision and forelimbs have a more active participation, and the bites tend to be in the cervical region in small prey, or between the occipital zone and mostly in the throat and nasal area (suffocating them) in the case of prey of a larger size or with defence attitudes (Ewer 1973; Anyonge 1996; Karanth & Sunquist 2000; Salesa et al. 2005; Meachen-Samuels & Van Valkenburgh 2009) . On the other hand, in canids and hyaenids, the prey is bitten repeatedly, or grabbed and shaken with the mandibles, which causes death by severe bleeding or multiple injuries, rather than from a specific bite (Ewer 1973; Radinsky 1981a; Ben-David et al. 1991; Anyonge 1996; Karanth & Sunquist 2000) .
For mustelids, the prey's death can occur due to suffocation in the case of bites in the trachea, puncture of vital organs, dislocation of the spine or destruction of the occipital zone (Rowe-rowe 1978; Vargas & Anderson 1998; Ben-David et al. 1991) . After the capture and death of the prey, weasels, as well as hyaenids and large felids in general (Spoor & Badoux 1986; Karanth & Sunquist 2000) , often carry their prey to a safe place, which demands great physiological and musculoskeletal efforts (Cabrera & Yepes 1940; King 1989; Zielinski 2000; King & Powell 2007) .
Ictonychine and musteline weasels share a great number of traits related to specialisations linked to hunting fossorial rodents (and in some cases lagomorphs and moles) by means of persecution into their burrows (Ewer 1973; King & Powell 2007; Schutz & Guralnick 2007; Wilson & Mittermeier 2009 ). The diet of most weasels is hyper-carnivorous (Ewer 1973; King & Powell 2007; Wilson & Mittermeier 2009) , which is reflected in the specialised dental morphology. In these taxa, the skull is short, the vision is reduced, the body is flexible and elongated and the limbs are short; features related to entering and moving quickly in rodents' burrows (Ewer 1973; Gambaryan 1974; Moritz et al. 2007; Horner & Biknevicius 2010 ; see also Ercoli et al. 2013 Ercoli et al. , 2015 . Dominating, killing and carrying prey relies almost completely on the powerful neck and masticatory muscles of these taxa (Kaufmann & Kaufmann 1965; Ewer 1973; Radinsky 1981a, b; King 1989; Zielinski 2000; King & Powell 2007) .
Although there exist numerous hunting behavioural studies for musteline weasels (e.g., Goethe 1964; Gossow 1970; Heidt 1972; Ewer 1973; Derting 1989; King 1989; Vargas & Anderson 1998; King & Powell 2007) and for ictonychinines (ictonychines from the Old World; e.g., Rowe-rowe 1978; Ben-David et al. 1991) , less is known about lyncodontinines. In the case of Lyncodon patagonicus, the only record is anecdotal, and it was described as an aggressive, agile animal that enters into rodents' burrows (possibly Ctenomys and Microcavia species) (Koslowsky 1904; Cabrera & Yepes 1940; Eisenberg 1989; Prevosti & Pardiñ as 2001; Prevosti et al. 2009; Schiaffini & Prevosti 2013) . It has been inferred as hyper-carnivorous on the basis of its dentition (Ewer 1973; Prevosti & Pardiñas 2001; Schiaffini & Prevosti 2013) and distinctly specialised in hunting in burrows on the basis of its postcranial anatomy (Ercoli 2015) . Regarding Galictis species, both feed mainly on small vertebrates, including mice, cavies, frogs and a great variety of small animals. In some cases, their diets include a great proportion of lagomorphs and, in some cases, caviomorph rodents of a relatively large size (Cabrera & Yepes 1940; Dalquest & Harvey 1951; Eisenberg 1989; Sunquist et al. 1989; Kays 1996; Yensen & Tarifa 2003a, b) . The scarce descriptions suggest that both species frequently bite in the nape or head, or also in the back or neck, of their prey, even on large-sized caviomorphs (Dü cker 1968; Rood 1970; Kays 1996; Gregg 2013) . The hunting behaviour of G. vittata has been described in terms of biting the prey whilst pressing the neck, back or shoulder against the ground, then turning to bite the head (Dalquest & Harvey 1951; Gregg 2013 ). In the case of G. cuja, the first bite may be in the lumbar area (Dü cker 1968). Dü cker (1968) commented that this species does not use the forelimbs at the beginning of the hunt, but it does use them when the prey is already subjugated. Grisons seem to be prone to bite down strategies, similar to the large Old World ictonychines.
Given that each hunting strategy involves different efforts and movements, especially in the cervical region, musculoskeletal variation in the mastoid region was expected. This present work puts forward the hypothesis that species which are typically bite down strategists would present traits that promote powerful ventral flexion of the neck movements; whilst the species specialised in using a roll and curl strategy would present traits that promote marked twisting and lateral efforts of the neck; movements that have been recorded in these hunting behaviours, respectively. Similar hypotheses were tested in morpho-functional and palaeobiological studies of living and extinct felids (e.g., Antón et al. 2004; Salesa et al. 2005) , but similar analyses in other carnivoran clades are still needed. On the basis of the previous comment, and in relation to the absence of previous studies focusing on the relationship between mastoid morphology and hunting strategy in weasels, the initial objective of this present study was the search for morpho-functional traits that allow the differentiation of weasels from other carnivore species, and the recognition of the different variations in hunting strategies within this family. The final objective of this research was to reconstruct the mastoid musculature and to inquire about the hunting habits of S. pettorutii.
Materials and methods
For the morpho-functional analysis of the mastoid region of S. pettorutii, the holotype (MACN-Pv 14260) was used as the main object of study, being the only known fossil specimen of the species that preserves that region. Cranial material of representative specimens from Mustelidae was used as comparative osteologic material. This material included all the ictonychine species: Galictis cuja, G. vittata, Ictonyx libyca, I. striatus, Lyncodon patagonicus, Poecilogale albinucha, Vormela peregusna; and five Mustela species (Table 1) . Galictis cuja and M. putorius (species with a well-known myologic anatomy; Alix 1876; Barone & Deutsch 1953; Gambaryan 1974; Evans & Quoc An 1980; Ercoli 2015; Ercoli et al. 2013 Ercoli et al. , 2015 Ercoli et al. , 2016 were used as the main comparative mustelid models, and Crocuta crocuta, Canis familiaris and Felis catus as the nonmustelid models. Fossil specimens of the ictonychine species Galictis sp., L. bosei and L. patagonicus were also included in the sample (Table 1 ). All this material is housed at the mammalogical and palaeontological collections of the Museo Argentino de Ciencias Naturales (MACN) and the Museo de La Plata (MLP), Argentina; the Field Museum of Natural History, Chicago (FMNH); and the Smithsonian Institution, Washington, DC (USNM). The material from this last collection was photographed by Juliana Tarquini (MLP). Three-D models (high-resolution X-ray computed tomography) of M. frenata specimens from Digital Morphology (http://www. digimorph.org) and photographic material from a large number of Mustela species from the Animal Diversity Web (ADW) (http://animaldiversity.org; Myers et al. 2014) were also used as comparative models. The material studied corresponded to adult specimens (or eventually, young adults), identified on the basis of the complete dentition and the degree of fusion of cranial and long bone sutures. First, detailed osteological descriptions and comparisons of the fossil material were made. For the myological reconstruction of S. pettorutii, descriptions and muscle maps of G. cuja were used as the main source for comparing insertion areas with the marks and other osteological features. The musculature of this species was analysed in detail by means of dissections carried out by the author and colleagues (Ercoli 2015; Ercoli et al. 2015 Ercoli et al. , 2016 . Muscular anatomy data sources available for other mustelid species (Cuvier & Laurillard 1849; Alix 1876; Hall 1926; Williams 1955; Scapino 1968 Scapino , 1974 Scapino , 1987 and for carnivoran species mentioned as osteological comparative material (Cuvier & Laurillard 1849; Reighard & Jennings 1901; Barone 1967 Barone , 1976 Spoor & Badoux 1986; Evans 1993; Antó n et al. 2004; Evans & de Lahunta 2013) were also used for the purpose of this research. The detailed comparison of the osteological material, and the muscle maps and descriptions, allowed the main insertion areas to be delineated.
Available bibliographic sources of general and specialised information were checked for the study of carnivores' hunting behaviour (Ewer 1973; Radinsky 1981a, b; Sunquist et al. 1989; Anyonge 1996; Karanth & Sunquist 2000; Antó n et al. 2004) , in particular for ictonychine mustelids (Azara 1802; Cabrera & Yepes 1940; Dalquest & Harvey 1951; Kaufmann & Kaufmann 1965; Dücker 1968; Rood 1970; Rowe-rowe 1978; Ben-David et al. 1991; Kays 1996; Gregg 2013) , and for musteline mustelids (Hall 1951; Gossow 1970; Heidt 1972; Ewer 1973; Derting 1989; Vargas & Anderson 1998; Zielinski 2000; King & Powell 2007) . Under a morpho-functional approach, this information was used to interpret how the different mastoid musculoskeletal configurations allow the performance of the different movements required for the hunting strategies of each lineage and, then, used to infer the hunting strategy of S. pettorutii. Figure 1 illustrates the comparisons between the main species mentioned in this section. In weasels and mustelids in general, the ventral end of the mastoid process projects below the articular condyle to a higher degree than in canids; similar to hyaenids and felids. On the other hand, starting from canids and hyaenids, then on to felids and then mustelids, the distances from the mastoid process to the rotation centre of the atlas-cranium articulation, and the paraoccipital process, increase progressively in a cranio-ventral direction. Apart from this first general assessment, within weasels, there is a large variation in the degree of advancement of the mastoid process. In S. pettorutii, in the lateral view of the cranium, this process is located mainly caudal and, to some degree, is distanced from the external auditory meatus and dorsal to the level of the temporo-mandibular joint. Amongst living weasels, a similar configuration is documented in Lyncodon and Poecilogale specimens and in many species of the genus Mustela (e.g., male specimens of M. nigripes). Furthermore, a marked advancement is recorded in other weasels such as Galictis and Vormela, as well as in other mustelid lineages, such as otters (subfamily Lutrinae). Regarding the Ictonyx species, they have an intermediate condition, whereby I. libyca tend to possess a condition similar to the former morphology, and I. striatus the latter.
Results

Comparative analysis of the mastoid region of Stipanicicia pettorutii
In mustelids in general, the presence of a broad and robust mastoid process is typical (see also Riley 1985) . In many representatives of this family, this process is larger than those of most of the other carnivorans analysed (e.g., Felis, Canis) and similar or somewhat larger when compared to hyaenids (but see also other ursids, procyonids ; Davis 1964; Radinsky 1981a) . Stipanicicia pettorutii stands out because of these traits even when compared to other weasels, with a mastoid process that is strongly developed and laterally projected, distancing itself from the cranial vault. The marked degree of lateral projection of the mastoid process was highlighted in the original description given by Reig (1956) , who compared this condition to that observed in the fossil ictonychine † Enhydrictis. In Galictis, the degree of lateral projection of the mastoid process is similar to that observed in hyaenids, whilst in some species of Mustela (see also Radinsky 1981a, b) , and in S. pettorutii, it is even larger. In S. pettorutii, the lambdoid crest protrudes, and is rough and thick, especially in its most ventral sector, similar to P. albinucha and some Mustela species such as M. nigripes, and greater than in living lyncodontinines. This crest is reduced in other ictonychines such as Ictonyx libyca and some specimens of Vormela peregusna.
In the occipital view of the skull, the dorsal projection of the mastoid process is low in weasels and lutrines in general, intermediate in small felids and relatively larger in hyaenids, canids, large mustelids and large felids (e.g., Antó n et al. 2004; Salesa et al. 2005; Valenciano et al. 2013 Valenciano et al. , 2015 . The same pattern is observed when comparing the dorsal extension of the occipital region, which is elevated in hyaenids and canids. In weasels, the paraoccipital process's ventral projection is reduced -this structure is not preserved in S. pettorutiisimilar to small felids and to some felid extinct lineages (Antó n et al. 2004; Salesa et al. 2005) , contrary to what occurs in hyaenids and canids. Figure 2 illustrates the muscular maps reconstructed for S. pettorutii compared to G. cuja. In S. pettorutii, all the insertions of the muscles described for Mustelidae are recognised and present a large topological correspondence with that of G. cuja. The delimitation edges are marked to a similar degree to that present in male adult specimens of Galictis species. The greatest difference corresponds to the existence of an extra scar in S. pettorutii. This difference was highlighted by Ercoli (2015) , proposing that this could be evidence of three bellies for the m. cleidocephalicus pars mastoidea (instead of the two recorded for G. cuja) in the fossil species. Although this possibility cannot be discarded, the recent revision of a new specimen of the lyncodontinine L. patagonicus revealed the presence of an extra belly for the m. sternocephalicus pars mastoidea (m. sternomastoideus) (M. Ercoli pers. obs.), in a coincident position with one of the scars assigned in the fossil specimen to the cleidocephalic group (Fig. 2a, c, e) . Considering these reasons, and for the purpose of this research, the scar was considered (with a high degree of confidence) as an extra insertion of the sternocephalic group, without changing the morpho-functional implication. All the insertion areas in the mastoid process of S. pettorutii possess a similar or larger development than their counterparts in other weasels in general, and in G. cuja in particular.
Muscular reconstruction of Stipanicicia pettorutii
The m. cleidocephalicus pars mastoidea (m. cleidomastoideus) typically originates in the clavicular intersection. The usual area of insertion for this muscle is the ventral sector of the mastoid process. In S. pettorutii, this area is markedly rugose. As in Galictis, the m. cleidocephalicus pars mastoidea of the fossil species seems to have been represented by multiple bundles in its insertion (a condition relatively atypical within Carnivora; but see Spoor & Badoux 1986; Evans & de Lahunta 2013) , including at least one cranial belly, corresponding to an area markedly robust, and other caudal ones, with less defined edges and caudally adjacent with the m. obliquus capitis cranialis (Fig. 2a, c) . In S. pettorutii, there is a hypertrophy of the surface of the muscle insertions, especially in a lateromedial direction, beyond the potential presence of a third belly (see below in this section).
The bellies of m. sternocephalicus usually originate in the craniodorsal region of the manubrium in carnivorans. In Galictis, the m. sternocephalicus differentiates into a belly that inserts onto the dorsal part of the lambdoid crest ( pars occipitalis) and into two other bellies that insert along the mastoid crest ( pars mastoidea, superficial or dorsal belly) and onto its ventral extreme ( pars mastoidea, deep or ventral belly). Something similar was also described for other mustelids such as Taxidea taxus (Quaife 1978) . On the basis of the marks observed along the lateral mastoid surface and lambdoid crest, the bellies observed in Galictis seem to have been present in S. pettorutii, with the difference that both mastoid bundles, especially the ventral one, would have been hypertrophied in the fossil species, given the robustness and roughness of the mastoid sector of the lambdoid crest. As was commented above, a third scar defined as a robust crest, which ventrally surrounds the cleidocephalic insertions and that is cranially contiguous with the insertion of the ventral belly of the m. sternocephalicus pars mastoidea, would represent the attachment of an extra ventral belly compared to the Galictis configuration, and would be more similar to the other lyncodontinine genus Lyncodon, providing more evidence for this muscle group's development.
The m. splenius capitis usually originates from the spinous process of the first thoracic vertebrae and the cervical raphe. This laminar muscle inserts onto the lambdoid crest, ventral to the m. sternocephalicus and it continues with the insertion of the m. longissimus capitis. Although the marks left by this muscle are only evident in some brief sectors of the mastoid region, making difficult to understand its total extension, its development in S. pettorutii seems to have been similar to the typical condition of other mustelids.
The m. longissimus capitis typically originates from the dorsal processes of the articulations of the cervical vertebrae and the first thoracic ones. In S. pettorutii, the insertion area of the m. longissimus capitis, onto the caudolateral aspect of the mastoid process, is well delimitated and outstanding. It differentiates from Galictis and other weasels in general (but not from other carnivorans; see section 3.1) because of a relatively elevated position of the insertion area, and a laterocaudal instead of a ventral orientation.
The m. obliquus capitis cranialis originates from the edge and ventral aspect of the wing of the atlas. It presents an independent and well developed ventral belly in G. cuja, which inserts onto the caudal aspect of the mastoid process and the ventral sector of the mastoid portion of the lambdoid crest (lateral to the m. rectus capitis lateralis). In S. pettorutii, the area of insertion of this belly is markedly extended, and the limit with the caudal belly of the m. cleidocephalicus pars mastoidea is hard to define. In S. pettorutii, a short crest protrudes caudally from the deep sector of the lambdoid crest at its maximum curvature, which may represent the insertion area of a dorsal belly of the m. obliquus capitis cranialis, as described for G. cuja (as seems to be the case for other caniforms, but with variants in its differentiation and insertion position; Cuvier & Laurillard 1849; Fisher 1942; Williams 1955; Quaife 1978; Evans & de Lahunta 2013 ; but see also Hall 1926 Hall , 1927 , or at least the presence of fibres of the m. obliquus capitis cranialis extending broadly ventral to the lambdoid crest.
The origin area of the m. digastricus extends from the paraoccipital process to the ventromedial sector of the mastoid process in G. cuja (and mustelids in general; Hall 1926 Hall , 1927 Scapino 1987) , and inserts onto the ventral edge of the horizontal ramus of the mandible. Although the origin marks are subtle and the paraoccipital process is broken in the fossil specimen, it is very probable that a similar configuration would have been present in S. pettorutii.
Because of the marked lateral projection of the mastoid process and the relatively caudal position of its apex in S. pettorutii as compared to G. cuja, the m. cleidocephalicus pars mastoidea, the m. sternocephalicus pars mastoidea and the ventral belly of the m. obliquus capitis cranialis present insertions markedly extended in a lateromedial direction. All these muscles, and the m. longissimus capitis, present their insertion centres relatively laterally, dorsally and caudally as compared to G. cuja. Although the insertion areas of other extensor muscles of the atlanto-occipital joint are damaged or absent in the fossil specimen (e.g., m. biventer cervicis; other bellies of m. rectus capitis and m. obliquus capitis), the total available area (represented by the lambdoid crest's height) in the occipital plane seems to have been poorly developed, similar to G. cuja and other living weasels.
Discussion
Morpho-functional inferences on Stipanicicia pettorutii
With the exception of the specimens of Stipanicicia pettorutii, South American fossil weasel remains belong to the living genera Galictis and Lyncodon (Berman 1994; Soibelzon & Prevosti 2007; , and present similar mastoid morphology; therefore, major variations in hunting strategies were not expected. For example, the holotype of † L. bosei (MLP 54-III-5-1), as well as the fossil specimens of L. patagonicus (e.g., MLP 96-V-1-1), present mastoid and occipital morphologies very similar to those seen in female specimens of the extant species, with mastoid processes positioned caudally and relatively elevated in relation to the external auditory meatus, and with lambdoid crests reduced, especially in their middle sector. Hence, the mastoid morphology of S. pettorutii, clearly differentiable from the rest of the living and fossil lyncodontinines, is of particular interest. With the purpose of analysing the functional implications of the myological reconstruction of S. pettorutii, an evaluation was made of how the different muscular configurations recorded in the cervical region of each of the compared species are related to the motor functions required for their particular hunting strategies. Figures 2 and 3 illustrate the comparisons between the mastoid musculoskeletal configurations of the main species mentioned in this section. When comparing the analysed carnivorans, one of the most remarkable features is the progressive advancement of the mastoid process, going from a backward position in canids and hyaenids, followed by small felids and many mustelids, including S. pettorutii, and coming to its maximum advancement in some ictonychines, such as Galictis and Vormela, and lutrines. This configuration modifies the insertion centres of the main mastoid muscles (e.g., m. sternocephalicus pars mastoidea, m. cleidocephalicus pars mastoidea and the ventral sector of m. obliquus capitis cranialis) to a relatively ventral and cranial position, distancing the mentioned centres from the atlanto-occipital rotation centre. These muscles are involved in the ventral and lateral flexion, fixing and retraction of the neck (Reighard & Jennings 1901; Fisher et al. 2009; Evans & de Lahunta 2013) . The advancement of the mastoid process gives a greater mechanical advantage and range to the flexion movements of the head and neck, especially in laterally or ventrally flexed positions of the head. Such movements are crucial in hunting styles such as bite down in small felids and many mustelids, in which large forces must be applied to penetrate and crush the dorsal region of the prey. Antó n et al.
(2004, and references therein) and Salesa et al. (2005) arrived to a similar conclusion after comparing the mastoid morphology of living pantherines and machairodonts. These authors documented a relative advancement of the mastoid process in machairodonts, associating it with a greater importance of the ventral flexion of the neck and especially the atlanto-occipital joint (given by the m. obliquus capitis cranialis) in the killing bite strategy of this lineage. However, it is worth noting that some of the principal morpho-functional traits described by those authors as closely related to shear-bite sabre-tooth strategies in machairodonts (e.g., reduced paraoccipital process, great advancement of the mastoid process), are also present in living and extinct mustelids, in relation to similar function demands but in a different killing mode. The smaller cranioventral advancement of the mastoid process could be related to the reduced importance of the bite down strategy in S. pettorutii, some Mustela species, L. patagonicus, and P. albinucha, when compared to Galictis species and V. peregusna. The minimum advancement of the mastoid process in hyaenids and canids favours rapid movements instead of powerful ventral flexion, possibly in relation to stabilising and locating the head for the multiple bites and tugs required during their hunting strategies (Ewer 1973; Anyonge 1996; Karanth & Sunquist 2000) .
Regarding the development of the m. cleidocephalicus pars mastoidea, in hyaenids (Spoor & Badoux 1986 ) and mustelids (Hall 1926 (Hall , 1927 Williams 1955; Quaife 1978; Ercoli et al. 2015) it presents a broad insertion area, reaching a maximum degree in S. pettorutii. In canids and many felids, this muscle presents a relatively reduced insertion area and, in general, is restricted to the mastoid crest and does not reach the ventral sector of the mastoid process (Reighard & Jennings 1901; Barone 1976; Antón et al. 2004; Salesa et al. 2005; Evans & de Lahunta 2013) , which give this muscle much less mechanical advantage for flexion. Felis catus seems to present an intermediate condition between these two groups (Reighard & Jennings 1901) , in which the muscle reaches the ventral end of the mastoid process in a reduced way. The reduced importance of the muscle in the ventral flexion is one of the greatest differences between extinct and living weasels and felids, and affects the configuration of the mastoid region (see diagrams from Quaife 1978; Antó n et al. 2004; Salesa et al. 2005; Ercoli et al. 2015) . The presence of multiple greatly developed cleidocephalic bellies and the advancement of their insertions (maximum in Galictis) suggest the great importance and precision of the ventral flexion movements in these mustelids, which is particularly important when the neck is already partially flexed.
On the lateral sector of the mastoid process, the insertion of the m. sternocephalicus pars mastoidea (which laterally and ventrally flexes the neck) is broadly developed in hyaenids, weasels and other mustelids (e.g., see diagrams from Quaife 1978 for Taxidea); and the same occurs for the m. longissimus mustelids and, specifically, S. pettorutii, cervical muscles are provided with a large mechanical advantages and available insertion areas (Fig. 1) , because of the lateral expansion of the mastoid process and the strengthened distal sector of the lambdoid crest (Quaife 1978; Radinsky 1981a) . In these lineages, this configuration is accompanied by a relatively large mass and, eventually, additional bellies in the case of the sternocephalic group (Cuvier & Laurillard 1849; Hall 1927; Quaife 1978; Spoor & Badoux 1986; Ercoli 2015; Ercoli et al. 2016 ; and personal observations for L. patagonicus), which seems to have developed in an extreme degree in S. pettorutii.
The morphology of the mastoid process, and the positions and development of these muscles, are related to a large retraction capacity of the head towards the body (by bilateral contraction of muscles), as well as to powerful lateral and rotation movements of the neck (by unilateral contraction). These functions are progressively more important in canids, small felids, hyaenids and mustelids, and specifically in S. pettorutii, as an extreme case within the compared species. These features coincide with what is expected for a progressive increase of the efforts required for carrying prey (especially for hyaenids and mustelids), and the resistance of the forces generated during the domination of large-sized prey whilst being grabbed between the jaws. In the case of the fossil weasel, this seems to be concordant with a roll and curl strategy applied to large or powerful prey. In the case of felids, their retractile claws and more mobile and powerful forelimbs allow them to have larger control of their prey when grabbing it; explaining, at least in part, the lesser relative importance of some cervical muscular groups (Gorniak & Gans 1980; Spoor & Badoux 1986; Salesa et al. 2005; King & Powell 2007) .
In hyaenids, canids and large felids (Antó n et al. 2004 ; but see also large mustelids, Valenciano et al. 2015) , a marked elevation of the lambdoid crest is documented, which allows the elevation and extension of the insertion area for the obliquus capitis and rectus capitis muscular groups, increasing their mechanical advantage. In addition, a greater dorsal extension of the mastoid process is documented, which dorsally distances it from the level of the articular condyle (especially in canids), an area mainly occupied by the m. longissimus capitis and part of the m. sternocephalicus pars mastoidea; something that is also observed, to a lesser degree, in some large mustelids such as Taxidea taxus (Quaife 1978 ; see also Valenciano et al. 2013 Valenciano et al. , 2015 . In turn, the insertion area of the m. longissimus capitis is relatively broad in these lineages. All these features indicate an hypertrophied extensor muscle mass of the head, possibly in relation to allometric issues due to the relatively large size of these lineages (Hildebrand 1988) , and also to the capacity of lifting large-sized prey in the case of the feliform lineages (Spoor & Badoux 1986; Karanth & Sunquist 2000) . In weasels in general, the extension of the insertion area of the m. longissimus capitis is smaller, more similar to the one of small felids; lineages in which this muscle has been described as a lateral flexor, rather than an extensor of the neck (Reighard & Jennings 1901) . However, the advancement of the mastoid process in felids and mustelids, especially in Galictis, seems to explain, at least partially, the absence of an elevated position of insertion of the m. longissimus capitis in these lineages, given that this configuration keeps the action line of this muscle approximately at the same distance from the atlanto-occipital rotation centre in comparison with other carnivoran lineages. Given that the mastoid process is relatively backwards in S. pettorutii as compared to G. cuja, it would explain the relatively dorsal insertion position of the m. longissimus capitis in the fossil taxon, with no more than this biomechanical consideration.
The action of the m. obliquus capitis cranialis has been interpreted in quite variable ways in various anatomy researches, reflecting, amongst other things, the marked functional variations between the different lineages (e.g. . In hyaenids, felids and weasels, many fibres of this muscle are located below the level of the articular condyle. In canids and larger mustelids (Quaife 1978; Valenciano et al. 2013 Valenciano et al. , 2015 , this muscle is located mainly above the articular level. In several carnivorans, including some mustelid and canid species, the most ventral portion differentiates from a dorsal portion (m. obliquus capitis cranialis "dorsal" or ''accessory''; Evans & de Lahunta 2013; see also Cuvier & Laurillard 1849: pl. 107; Fisher 1942; Ercoli 2015; Ercoli et al. 2016) . On the basis of the reconstruction made for S. pettorutii, it is probable that this taxon possessed a condition for this trait very similar to the one present in living weasels, although, given the available area for the ventral portion of the m. obliquus capitis cranialis, this muscle would has been hypertrophied. This configuration indicates that for weasels, felids and hyaenids, the ventral portion of the m. obliquus capitis cranialis (independent or not) is employed, together with the m. rectus capitis lateralis, mainly for fixing the atlanto--occipital joint, for ventral flexion and, to a lesser degree, for lateral flexion movements (direction of movement partially restricted for the atlanto-occipital joint configuration; Evans & de Lahunta 2013) . On the other hand, given that the great ventral portion departs progressively ventrally from the rotation centre during flexion, the advancement of the mastoid process increases the participation of the muscle in the ventral flexion of the atlanto-occipital joint, as was observed in machairodonts by Antón et al. (2004) ; this also developed convergently in weasels. Conversely, the dorsal portion of the m. obliquus capitis cranialis participates in the antagonist extensor function. In the specific case of mustelids, the dorsal sector of this muscle probably acts efficiently as a rotator, in relation to the lateralised positions of its origin and insertion, and to the trajectory of the fibres with respect to the rotation centre (which acquire a great vertical component). Conversely, in canids, the entire m. obliquus capitis cranialis acts almost exclusively as an extensor, due to its elevated, but not markedly lateralised, insertion position (Evans & de Lahunta 2013) , in antagonism towards the m. rectus capitis lateralis and, secondarily, as fixer or rotator of the atlantooccipital articulation (Barone 1976; Antó n et al. 2004) ; again indicating the greater importance of powerful extension in this lineage.
According to all that has been described, S. pettorutii would probably have had a differentiated dorsal portion of the m. obliquus capitis cranialis, in a similar position as in G. cuja and other weasels, with similar functional inferences. Furthermore, in the fossil specimen, the ventral belly of this muscle would have presented a greater lateromedial development, and lateral (but not ventral) positioning in comparison to G. cuja, exacerbating the importance of the muscle in fixing, retraction and lateral flexion movements, to an even greater degree than in hyaenids. However, the ventral extension of the muscle insertion area would have been similar in both taxa, without increasing the participation in ventral flexion (which is already important in mustelids) in the fossil taxon; or even less important in S. pettorutii, due to the relatively backward position of the muscle as compared to G. cuja.
The reduction of the paraoccipital process (the origin area of the m. digastricus) in mustelids (as well as in S. pettorutii) and small felids (and also occuring in sabre-toothed extinct felids), could be related to variations in the range and strength of the mandible opening (Scapino 1987; Antó n et al. 2004; Salesa et al. 2005) . Apart from an allometric component in the development of this process (Scapino 1987 ), a short paraoccipital process and a craniocaudally elongated basicranium in mustelids favours the lengthening of the fibres of the m. digastricus, which allows a broad range of mandible opening when catching prey, compensating for the shortness of the mandible (Scapino 1987; Salesa et al. 2005) .
Comments about the influence of size and sexual dimorphism
Carnivorans in general, and weasels in particular, present evident allometric and sexual dimorphic differences that affect the muscular insertion areas (sagittal and lambdoid crests and, secondarily, the mastoid process); females have smaller body sizes and reduced muscular insertion processes as compared to males. Although a statistical study of the allometric effect would need a broader sample than the one used in this research, some observations concerning this topic are given below. King (1989) suggested that the small size of weasels facilitates the carrying of prey of a relatively larger size than themselves. Moreover, the smallest weasels are differentiated from the larger ones by the lower robustness of the muscular insertion areas; something to be expected due to the allometric relationship between the mechanical work and the muscular volume (Slijper 1946; Hildebrand 1988) . This was also evident for the lyncodontinine fossil specimens analysed.
Previous researchers have investigated how the differentiation in body size between males and females affects hunting behaviour, as well as the size range and kind of potential prey (Moors 1980; Lynch & Hayden 1995; but see Wiig 1986 ). The experimental studies of Rowe-rowe (1978) and Gossow (1970) demonstrated that, when gradually increasing the size of the prey offered to weasels, the females changed their hunting strategy at a relatively small prey size threshold, from bite down to roll and curl strategies, whilst males continued with the initial hunting behaviour, even when passing this threshold. Morphologically, females tend to have mastoid processes with a relatively more lateral direction and a more caudal position than males of the same species. These allometric changes (added to modifications in the development of the mass of the muscles involved; see Ercoli 2015; Ercoli et al. 2016) would aid in understanding how females can change to a roll and curl hunting behaviour more frequently, allowing them to prey upon large prey compared to their own body size, and similar to the ones preyed upon by males. Nevertheless, a great number of other ecological, ethological and physiological factors can influence the relative prey size and hunting strategy and success between males and females (e.g., females with offspring have to obtain prey more efficiently and quickly; males compete for the females in regards to their body size; and intraspecific competition). These factors are not totally understood (King & Moors 1979; Moors 1980; King 1989 , and references therein).
Hunting strategies in weasels
Amongst the model species compared, weasels are more similar to felids than to other carnivorans, because of the presence of an advanced and, to a greater or lesser degree, ventrally positioned mastoid process. This would relate to a similar hunting strategy of small prey that involves locating themselves over the prey and ventrally flexing the neck and head during the bite, killing the prey by biting the cervical region or crushing the occipital region (bite down or similar strategies). On the other hand, weasels also resemble hyaenids, to a greater extent than other carnivorans, because they possess a lateromedially extended mastoid region, which implies a broad development of the cervical musculature and powerful lateral flexion, rotation and retraction movements, which are important for the dragging of prey in both lineages; in addition to (particularly in weasels) the ability to hunt prey of a relatively large size by using roll and curl strategies.
The reduction of the dorsal extension of the mastoid region in weasels, as well as the entire occipital plane, is one of the main differences compared to large predators. As previously commented, this is due to multiple factors, including a relatively short muzzle, the absence of powerful extension movements during hunting or carrying of prey and, mainly, allometric issues related to the small body size.
From these comparisons, it can be recognised that there are osteological features related to the muscular reconfigurations that allow the behavioural extremes of the diversity of weasels' hunting strategies to be characterised. Species that frequently use the bite down strategy present ventrocranially-projected mastoid processes. This mastoid morphology allows these species to depress the head and neck quickly at the beginning, and then strongly, by means of the bilateral activation of the m. sternocephalicus pars mastoidea and the m. cleidocephalicus pars mastoidea, which increase their mechanical advantage by the progress of the ventral flexion of the head and neck. The ventral portion of the m. obliquus capitis cranialis is probably also recruited as the movement progresses, in already flexed positions. Other features that can be proposed as frequently associated with these species are: weak zygomatic arches; narrow palates; relatively elongated muzzles; and less specialised dentition (as well as some postcranial modifications; Ercoli 2015) . These traits can be related to a broader diet, composed in general of relatively small prey, that requires fast bites instead of hard fighting (e.g., Dü cker 1968; Heidt 1972; Ewer 1973; Rowe-rowe 1978; Ben-David et al.1991 ; see also Biknevicius & Van Valkenburgh 1996; Meachen-Samuels & Van Valkenburgh 2009; Goswami et al. 2011) .
Species belonging to the roll and curl group are characterised by laterally projected mastoid processes, typically with its extreme located posterior to, and relatively separated from, the external auditory meatus (approaching the atlanto-occipital joint). Because of these modifications in this group, the lateral flexion, rotation and retraction of the head and neck are exacerbated (modifications that in turn decrease the mechanical advantage for ventral flexion, particularly for the m. obliquus capitis cranialis) and would allow these species to grab, generate and resist the prey's struggling movements during the fight, to destabilise the prey and to execute precise bites. Other features that characterise this group are the presence of: tall and wide zygomatic arches; wide palates; relatively short muzzles; robust canines; and more specialised hypercarnivorous dentition (Ewer 1973; Scapino 1987; Biknevicius & Van Valkenburgh 1996; Meachen-Samuels & Van Valkenburgh 2009; Goswami et al. 2011) . All these features are present in S. pettorutii.
Although little is known about the behaviour of Lyncodon patagonicus (Cabrera & Yepes 1940; Ewer 1973; Prevosti et al. 2009 ), it presents a cranial morphology compatible with that of the roll and curl small taxa (i.e., considering the lesser robustness of the mastoid process and other structures, due to allometric factors ; Scapino 1987; Hildebrand 1988; MeachenSamuels & Van Valkenburgh 2009, and references therein) .
Once the prey is dead, weasels drag the corpse to a safe place (within the gallery system of the prey or to their own dens or shelters) before they start feeding (Dalquest & Harvey 1951; Vargas & Anderson 1998; King & Powell 2007) . The elongated neck allows them to carrying the prey forwards, which avoids it interfering with the movement of the forelimbs (but only up to a certain size of the prey; King & Powell 2007) , an activity carried out by the extensor muscles of the neck and head, attached to the lambdoid crest and occipital plate. Weasels drag larger prey by walking backwards when a prey size threshold is crossed (Rowe-rowe 1978; Vargas & Anderson 1998) , avoiding interference with the forelimbs. In this case, the carrying efforts rest on the retractor, fixer and lateral flexor muscles that are inserted in the mastoid region and the lateral region of the lambdoid crest. Weasels that prey upon relatively large-sized animals (typically roll and curl strategists, e.g., Poecilogale albinucha, Mustela nigripes) frequently utilise the backwards dragging method, requiring broader and more laterally projected mastoid processes than predators of small prey, in relation to an increase of the mechanical advantage for non-sagittal movements.
Hunting strategy of Stipanicicia pettorutii
This study is the first contribution to the knowledge of the hunting behaviour of S. pettorutii, and practically a unique analysis of the palaeobiology of the species (beyond some scarce comments about the diet; Reig 1956; Berman 1994; Prevosti 2000) . The ability of this fossil species to make powerful ventral flexion movements, and the relative reduction of the strength of the extension movements of the head, seem to have been more similar to living weasels than to other carnivorans. S. pettorutii presents a cranial morphology more similar to roll and curl strategists that to the bite down ones, so it would have possessed the capacity to perform powerful lateral flexion, rotation and retraction of the head and neck. Most of the traits that distinguish S. pettorutii from the rest of the weasels (especially when compared to grisons) can be considered as an extreme case of the modifications required by roll and curl strategists, with a mastoid process so robust and exaggeratedly laterally projected that is only comparable with males of roll and curl strategists, which hunt relatively large prey (e.g., M. nigripes; Ben-David et al. 1991; Vargas & Anderson 1998) . On the other hand, the large mechanical advantage and the increased number of bellies of the mastoid muscles would have eventually allowed the taxon to perform powerful shaking movements of the head. In S. pettorutii, there are also other cranial traits frequently associated with this morphotype: robust zygomatic arch; muzzle and palatal proportions; and dental modifications related to hypercarnivory. Beyond the allometric differences, S. pettorutii would have presented greater morphological and, consequently, also behavioural similarities with L. patagonicus than with the Galictis species.
To sum up, S. pettorutii would have been a roll and curl predator, specialised for subjugating and carrying relatively large-sized prey, even when compared to the most specialised living weasels. It is likely that this taxon had been a predator specialising in burrower rodents (or other mammal species of similar habits) of considerable size, similar to living roll and curl strategists. In relation to this, there exist numerous species of rodents and rodent-like mammals found in Pleistocene deposits in the Atlantic coast of Buenos Aires province (Argentina) that could have been hunted by S. pettorutii (e.g., 
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